NTRODUCTION
Today's f a m i l i a r depth-type by-pass i l t e r s * have been widely used on heavy u t y highway, c o n s t r u c t i o n , and i n d u s t r i a l i e s e l engines since t h e mid-1930's.
Over he years, f u l l f l o w f i l t r a t i o n has been mproved w i t h such f i l t e r media as t h e l o t h bag and pleated paper, b u t t h e byass f i l t e r has remained an unchanged p a r t f t h e f i l t e r system working i n combination i t h t h e f u l l f l o w f i l t e r t o p r o v i d e exended o i l and f i l t e r l i f e along w i t h ncreased p r o t e c t i o n against wear.
Before t h e development1 o f h i g h l y d i sersant engine o i l s , t h e by-pass f i l t e r ade extended o i l and f i l t e r changes posi b l e by absorbing sludge-forming comu s t i o n by-products.
At 'that time, c l e a r r clean o i l was an i n d i c a t o r t h a t t h e . i l t e r was doing i t s job.
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Today, under normal o p e r a t i n g cond i t i o n s , combustion by-products a r e suspended i n t h e o i l t o be removed when t h e l u b r i c a n t i s drained.
Therefore, t h e p r imary f u n c t i o n o f t h e by-pass and f u l l flow f i l t e r s i s t o remove t h e abrasive p a r t i c l e s i n t h e o i l such as wear metals, sand, and dust. Test data have shown t h a t even w i t h
h i g h l y d i s p e r a n t o i l , these wear producing abrasive p a r t i c l e s a r e not i n a f i n e l y d i spersed, n o n -f i l t e r a b l e form, b u t a r e q u i c k l y and e f f e c t i v e l y removed by t h e f i l t e r s ( l ) * * .
*Note: -The c a n i s t e r -t y p e by-pass f i l t e r used today i s commonly known as t h e 750 and w i l l be r e f e r r e d t o as such i n t h e remai n i ng t e s t . **Numbers i n parentheses designates References a t end o f paper.
BSTRACT
Engine t e s t s were conducted t o deermine t h e e f f e c t s o f various f u l l f l o w nd by-pass l u b e o i l f i l t e r combinations on i e s e l engine wear. The f i l t e r performance as determined by measuring t h e wear o f i s t o n r i n g s , main and r o d bearings i n a ummi ns NTC-335, a f t e r contaminating t h e ube system w i t h a known amount o f AC F i n e u s t t o accelerate wear.
The r e s u l t s o f these t e s t s prove:
I t i s p o s s i b l e t o d r a m a t i c a l l y reduce t h e s i z e o f t h e by-pass f i l t e r through t h e use o f stacked d i s c s f i l t e r techno1 ogy.
The optimum a b s o l u t e r e t e n t i o n r a t i n g f o r a f u l l f l o w f i l t e r i s 40 micrometers. T i g h t e r f i l t e r media would r e s t r i c t o i l flow.
Therefore, t h e by-pass f i l t e r plays a c r i t i c a l r o l e i n removing those minute p a r t i c l e s , 10 micrometers and less, which c o n t r i b u t e most s i g n i f i c a n t l y t o engine wear (2, 3 ). This i s accomplished by d i r e c t i n g o n l y a small p o r t i o n o f t h e t o t a l o i l flow, 7.57 l i t e r s o r 2 g a l l o n s p e r minute, through t h e t i g h t e r by-pass f i l t e r media f o r f i n e r f i l t r a t i o n .
I n recent years, t h e r e has been g r e a t e r r e s i s t a n c e by engine owners t o use t h e by-pass f i l t e r because o f increased o i l and f i l t e r s e r v i c e c o s t , added weight o f t h e housing, e x t r a o i l r e q u i r e d t o f i l l t h e housing, and s e r v i c e problems r e l a t e d t o l e a k i n g covers, f i t t i n g s , and gaskets. Therefore, a program was undertaken t o r esearch and t e s t d i f f e r e n t f i l t e r media i n an attempt t o design a much smaller by-pass f i l t e r i n a spin-on package. T h i s spin-on f i l t e r would reduce t h e weight and s i z e problem, p r o 
The engine t e s t program i n t h i s r e p o r t was designed t o measure d i f f e r e n t wear r a t e s under accelerated c o n d i t i o n s w i t h t h e engines u s i n g various f u l l f l o w and by-pass f i l t e r combinations.
Experimental s p i n-on by-pass f i l t e r s * were t e s t e d against t h e standard by-pass f i l t e r . Conclusions were based on t h e r e s u l t s o f t h e wear t e s t , along w i t h a c o s t b e n e f i t a n a l y s i s on a per m i l e b a s i s o f each a l t e r n a t i v e . Over 200 l a b o r a t o r y bench t e s t s were conducted measuring c a p a c i t y and e f f i c i e n c y o f various f i l t e r media. These t e s t s produced o n l y two f i l t e r designs, t h e p l e a t e d paper and t h e stack d i s c spin-ons, which c o u l d match t h e performance o f t h e 750.
Two types o f f i l t e r t e s t s were used t o screen prototypes. The f i r s t was a bench t e s t designed t o simulate extreme s l udgi ng c o n d i t i o n s . I n t h i s t e s t , t h e o i l was c i rc u l a t e d through t h e by-pass f i l t e r only, a t approximately 7.57 l i t e r s o r 2 g a l l o n s per minute. A p l u g g i n g contaminant, s o f t C-2A, was added t o t h e sump a t a r a t e o f 24.64 gms/hr.
A constant i n l e t pressure o f 345 kPa was maintained f o r 44 hours o r u n t i l t h e t e s t f i l t e r plugged. From t h e r e s u l t s shown i n F i g u r e 2, b o t h t h e stacked d i s c and p l e a t e d paper SOBP f i l t e r s were a b l e t o m a i n t a i n l i f e and sump contamination l e v e l s comparable t o t h e 750.
The second t y p e o f bench t e s t i n g i n v o l v e d a combination f u l l f l o w and bypass f i l t e r arrangement i n which o i l was pumped through t h e system a t 106 l i t e r s o r 28 g a l l o n s per minute. The o i l f l o w was d i r e c t e d through t h e by-pass f i l t e r a t 7.57 l i t e r s per minute. The contaminant, added t o t h e sump a t a r a t e o f 1 1/2 gms. p e r hour, c o n s i s t e d o f 1 gm. AC F i n e Dust and .5 gms. S o f t C-2A.
The t e s t was t e rmi nated when t h e d i f f e r e n t i a l pressure across t h e f u l l f l o w f i l t e r reached 172.4 kPa (25 p s i d ) . F i g u r e 3 compares d a t a from t h r e e combination t e s t s u s i n g t h e 750, t h e spin-on stacked d i s c , and t h e pleated paper SOBP f i l t e r s . A l l t h r e e f i l t e r comb i n a t i o n s had comparable 1 i f e and acc e p t a b l e contamination l e v e l s . The b i g g e s t d e t e r r e n t o f d i e s e l engine t e s t i n g o f t h i s type i s t h e expense and t i m e involved. W e attempted t o develop a *Note:
Spin-on by-pass w i l l be abbreviated ~m h e r e a f t e r . r o u t i n e procedure t o minimize human e r r o r . Testing was c a r r i e d out on a 24 hour basis i n one t e s t c e l l . Three engines were used on a r o t a t i n g basis t o e l i m i n a t e downtime between tests. As one engine was being tested, another was r e b u i l t t o take i t s place as soon as t h e t e s t was complete.
The t h r e e d i f f e r e n t engines used i n t h i s t e s t program were a1 1 Cummins NTC-335's.
Each engine was r e b u i l t according t o Cummins Standard Procedure w i t h special a t t e n t i o n given t o t h e r o d bearings, main bearings, and p i s t o n rings. Various t e s t operations such as weighing, assembly/di sassembly were t r e a t e d as ident i c a l l y as possible by 1 aboratory standards.
The engines were i n s t a l l e d i n accordance w i t h standard t e s t c e l l procedures, which cover t h e instrumentation necessary t o measure t h e basic parameters o f engine performance, temperatures, and PERCENT OF TOTAL SUMP CONTAMINATION LEVEL VS TEST HOURS I pressures. A f t e r i n s t a l l a t i o n and before beginning t h e t e s t , t h e engine was given a four-hour run-in. An o i l sample was then taken before t h e i n i t i a l contaminant was added.
For t h e d u r a t i o n o f each t e s t , t h e engines were operated a t r a t e d speed and f u l l l o a d (2100 RPM and 1135 Newton meters). Normal operating conditions were maintained i n each t e s t w i t h p a r t i c u l a r a t t e n t i o n paid t o o i l sump, water, and a i r i n t a k e temperatures. O i l r i f l e pressure and engine blow-by were o f s i g n i f i c a n t importance since t h e y vary as c r i t i c a l engines p a r t s wear.
Increasing blow-by pressure i s an i n d i c a t i o n o f r i n g wear, w h i l e decreasing o i l r i f l e pressure s i g n i f i e s bearing wear. Four grams o f AC F i n e Dust were added t o t h e engines every 4 hours and samples were taken ever 24 hours. The by-pass and f u l l f l o w f i l t e r s were changed every 52 hours and care was taken not . down f o r more than 20 minutes when adding contaminants, t a k i n g o i 1 samples, o r changi n g f i l t e r s . This was done t o prevent contaminant s e t t l i n g . Runtime f o r each o f t h e seven t e s t s was 152 hours. A t y p i c a l t e s t c e l l i s shown i n F i g u r e 4.
Due t o t h e s e v e r i t y o f t h e t e s t , t h e turbocharger, i n j e c t o r s and c y l i n d e r heads
were checked and r e b u i l t a f t e r each run. A1 1 other p a r t s were .inspected and replaced as necessary. Although t h e t e s t engines were r e b u i 1 t according t o standard Cummi ns NTC-335 s p e c i f i c a t i o n s , used crankshafts were i n s t a l l e d t o avoid t h e l o n g r u n i n periods necessary t o smooth t h e bearing surfaces.
The main and connecting r o d bearings, t h e t h r u s t bearings, t h e l i n e r s , and p i s t o n r i n g s were replaced a f t e r each t e s t . Wear was determined by weighing and measuring p a r t s before and a f t e r each t e s t .
The 750 housing holds n e a r l y 11.36 1 i t e r s (3 gal lons) o f o i l when f u l l . . The SOBP f i l t e r s hold only 3.79 l i t e r s (1 gall o n ) o f o i l r e s u l t i n g i n a 7.57 (2 gall o n ) l o s s o f capacity t o t h e lube system.
To compensate f o r t h e l o s s o f o i l capacity when t e s t i n g t h e SOBP f i l t e r s , a 7.57 l i t e r (2 gal l o n ) r e s e r v o i r was i n s t a l l e d between t h e o i l pump and t h e by-pass f i l t e r . S i x o f t h e seven t e s t s were run w i t h 41.6 l i t e r (11 g a l l o n s ) o f o i l i n t h e system and one t e s t was run w i t h 34 l i t e r s (9 gallons). TEST CONDITIONS AND OBJECTIVES
o i l was determined by measuring t h e sump's dust concentration l e v e l , and by measuring t h e amount o f wear and weight l o s s on main bearings, r o d bearings, and p i s t o n r i n g s a t t h e t e r m i n a t i o n o f each t e s t . F i l t e r change i n t e r v a l s were established by measuring d i f f e r e n t i a l pressure drop across t h e f u l l f l o w f i l t e r t o determine i t s plugging c h a r a c t e r i s t i c s as dust was added t o t h e engine sump.
Our o b j e c t i v e was t o d i f f e r e n t i a t e t h e wear r a t e f o r each f i l t e r combination without compl e t e l y wearing out t h e engi ne, since t h e t y p i c a l p r a c t i c e among f l e e t s i s t o r e b u i l d engines p r i o r t o f a i l u r e . With a dust add r a t e of 4 grams per 4 hours, these t e s t s simul ated an engine, equipped w i t h a 99.9% e f f i c i e n t a i r f i l t e r , operating a t f u l l load and f u l l speed i n a dust storm w i t h zero v i s i b i l i t y . Under such conditions, we found t h a t 152 hours was adequate t e s t time t o produce a d i scernable amount o f wear.
Seven engine t e s t s were conducted duri n g t h i s t e s t program. The key v a r i a b l e s considered i n our a n a l y s i s were: t h e e ff e c t s o f by-pass f i l t r a t i o n , t h e e f f e c t s o f reduced o i l capacity, d i f f e r e n c e s i n by-pass f i 1 t e r s , and e f f e c t s o f accelerated wear. A d e s c r i p t i o n o f each t e s t and lube f i l t e r combination f o l l o w :
1.
40 Micrometer F u l l Flow/750 ByPass -No dust was added i n t h i s -t e s t since we wanted t o determine t h e amount o f engine wear under clean operating conditions.
40 Micrometer F u l l Flow/No By-Pass -This was our p o i n t o f reference and was used t o ' i l l u s t r a t e t h e need f o r by-pass f i l t r a t i o n .
This s e r i e s o f t e s t s was designed t o measure t h e performance o f d i f f e r e n t lube f i l t e r combinations. The e f f i c i e n c y o f t h e f i l t e r s i n removing contaminants from t h e 3.
40 Micrometer F u l l Flow/750
Bv-Pass -T h i s was t h e l e v e l o f " performance we attempted t o achieve w i t h t h e SOBP f i l t e r s .
& 5. 40 Micrometer F u l l Flow/Pleated
Paper SOBP -Two t e s t s were r u n w i t h t h i s p a r t i c u l a r f i l t e r combination t o eval uate performance o f t h e pleated paper SOBP. w i t h t h i s p a r t i c u l a r f i l t e r combination t o measure performance o f t h e stacked d i s c SOBP. O i l capacity was also reduced i n the second t e s t t o determine i t s e f f e c t on wear.
The t h r e e by-pass f i l t e r s tested were a pleated paper spin-on f i l t e r , a stacked d i s c spin-on f i l t e r and a canister-type depth f i l t e r . The pleated paper SOBP was constructed from a special grade o f f i n e pore f i l t e r paper whose absolute r e t e n t i o n r a t i n g was 15 micrometers. The stacked d i s c SOBP was made from an extremely dense f e l t
Every pleated paper element, F u l l f l o w o r by-pass, was bubble t e s t e d t o i n s u r e t h a t t h e r e were no end seal leaks o r oaper ruptures.
IBSERVATIONS AND ASSUMPTIONS
The " f u l l f l o w f i l t e r onlyn t e s t was ;he t e s t chosen as a common p o i n t of -eference from which t o measure t h e improvement i n wear p r o t e c t i o n a t t r i b u t e d ;o using a 750 by-pass, a stacked d i s c ;OBP, and a pleated paper SOBP f i l t e r . -h i s procedure was established i n previous {ear studies w i t h s imi l a r r e s u l t s showing 
The extraneous i n p u t s introduced i n dynamic t e s t s o f t h i s k i n d are so numerous and complex t h a t i t would be i m p r a c t i c a l , i f not impossible, t o attempt t o c o n t r o l them a l l . W e minimzed those v a r i a b l e s considered c r i t i c a l , r e a l i z i n g t h a t a c e r t a i n Main bearings wear a t d i f f e r e n t rates depending upon t h e i r surface area. Reduction i n wear surface area r e s u l t s i n increased u n i t l o a d i ng and a correspondi ng increase i n wear. Since the NH engine has t h r e e d i f f e r e n t widths ,of main bearings, we would expect t o see a corresponding variance i n wear pattern. Also, t h e lower bearings wear a t a f a s t e r r a t
e than t h e upper bearings, due t o downward l o a d i n g o f t h e crankshaft d u r i n g combustion. A d d i t i o n a l f a c t o r s t h a t a f f e c t main bearing wear are crankshaft straightness and d e f l e c t i o n under load. The combined r e s u l t s o f these factors make any d i r e c t compari son o f i n d i v i d u a l component wear, without p a r t i c u l a r regard t o t h e e f f e c t o f these f a c t o r s , i n v a l i d . Use o f an average main bearing wear f i g u r e i s s t r i c t l y f o r convenience and not intended t o imply any expectations by t h e authors f o r equivalent wear 1 eve1 s between parts. Rod bearings and p i s t o n rings, u n l i k e t h e main bearings, have no i n h e r e n t design d i f f e r e n c e s t o cause l a r g e wear variances r e l a t i v e t o l o c a t i o n i n t h e engine. Wear d i fferences between upper and 1 ower bearings are caused by increased bearing loads d u r i n g combustion as t h e c y l i n d e r pressure forces t h e p i s t o n down i n t h e bore and t h e t o p h a l f o f t h e r o d bearing i s loaded more h e a v i l y than t h e lower half.
There are f o u r d i f f e r e n t r i n g s on each p i s t o n ( t o p compression, second compression, t h i r d compression, and o i l c o n t r o l ) which must be d e a l t w i t h separately. I n a d d i t i o n , l i n e r e t c h q u a l i t y i s o f extreme importance i n determini ng r i ng wear rate. Since we cannot c l o s e l y c o n t r o l o r determine e t c h q u a l i t y p r i o r t o t e s t i n g , i t i s a randomly introduced v a r i a b l e a f f e c t i n g r i n g wear. Several key assumptions were made r e l a t i v e t o our data analysis:
The wear c h a r a c t e r i s t i c s o f t h e t h r e e d i f f e r e n t engines used i n t h i s t e s t d i d not d i f f e r
s i g n i f i c a n t l y .
2.
Rebuilding between t e s t s i n t r oduced no s i g n i f i c a n t wear variable.
Various t e s t operat ions (weigh-
ing, assembly/disassembly, engine operat ion), were essenti a1 l y i d e n t i c a l f o r a l l t e s t s .
4.
A 150 hour t e s t was s u i t a b l e durat i o n f o r t e s t i n g o f t h i s kind.
5.
A t h r e e engine t e s t was def i n i t i v e .
It should be noted t h a t o t h e r cond i t i o n~ e x i s t e d which could a f f e c t t h e degree o f wear d i f f e r e n t i a l observed f o r t h e same f i l t e r combinations i n f i e l d engines. For exampl e, p r e v i ous s t u d i es have shown t h a t when adding l a r g e amounts o f contaminants t o t h e o i l over a short p e r i o d o f time, t h e f i l t r a t i o n system i s l i m i t e d i n i t s a b i l i t y t o remove t h e d i r t by t h e number o f passes t h e o i l makes through t h e f i l t e r s .
The r e s u l t i s a higher average o i l contaminant l e v e l and corresponding wear rate. More dramatic than t h i s was t h e method i n which contaminants were added t o the engines.
I n these t e s t s , d i r t was added every f o u r hours i n one lump sum r a t h e r than continuously as would be t h e case i n normal o p e r a t i ng conditions. Tests showed t h a t t h e engifie wear r a t e i s much higher immediately a f t e r t h e contaminant i s added than a t t h e end o f t h e f o u r hour period (3, 4) . D i r t s e t t l i n g a l s o a f f e c t s wear rate. F i e l d engines are shutdown f o r extended periods o f t i m e a l l owing some d i r t t o s e t t l e out i n t h e pan, which would a l s o r e s u l t i n lower wear r a t e s than observed i n t h e t e s t c e l l where t h e engine was run continuously. While t h e wear t e s t s were r u n a t f u l l load and speed, we estimate t h a t f i e l d engines normally operate a t 50% t o 75% o f these values. Wear t e s t s have shown t h a t reduced load and speed r e s u l t i n lower wear rates (5) .
The combined e f f e c t s o f these f a c t o r s l i m i t any d i r e c t comparison between expected f i e l d s e r v i c e l i f e and l a b o r a t o r y engine t e s t r e s u l t s . Fie1 d experience i n d i c a t e s t h a t c a l c u l a t e d wear l i f e from 1 aboratory engine t e s t s are understated. However, i f t h e c a l c u l a t e d wear l i f e w i t h a canbination f u l l f l o w and by-pass f i l t r a t i o n system i s t w i c e as l o n g as a system without a by-pass f i l t e r , we would expect t h e f i e l d s e r v i c e l i f e t o be comparable (6) .
LUBE SYSTEM CAPACITY From previous studies o f f i 1 t e r p l ugging, we know t h a t o i l degradation i s r el a t e d t o a number o f variables, one of which i s t h e o i l system capacity(7).
The replacement o f t h e 750 housing w i t h a SOBP f i l t e r r e s u l t s i n a net o i l r e d u c t i o n of 7.57 l i t e r s (2 g a l l o n s ) o r approximately 20% f o r a 41.64 l i t e r (11 g a l l o n ) System. Users extending o i l d r a i n i n t e r v a l s beyond 16,000 k i l o m e t e r (10,000 m i l e s ) should be aware o f t h e impact o f reduced o i l capacity.
However, 4.8 m i l l i o n kilometers (3 m i l l i o n m i l e s ) f i e l d t e s t accompanied by o i l and f i l t e r analysis showed t h a t a small sampling o f t r u c k s changing o i l between 19,300 k i 1 ometers (12,000 m i l e s ) , and 32,200 k i l o m e t e r s (20,000 m i l e s ) were w i t h i n safe l i m i t s even a f t e r reducing t h e i r o i l c a p a c i t i e s by 7.57 1 i t e r s (2 gal lons). Exceptions were noted i n cases where engines problems were diagnosed. A summary o f t h e f u l l f l o w f i l t e r r e s t r i c t i o n versus t h e change i n t e r v a l i s shown i n F i g u r e 6. F i l t e r plugging was not s i g n i f i c a n t i n those engines where o i l capacity was reduced.
The user should be aware o f 1 i m i t a t i o n s on o i l d r a i n i n t e r v a l s and those f a c t o r s which a f f e c t it. Manufacturer's recommendations should be s t r i c t l y adhered t o and any d e v i a t i o n should be c l o s e l y moni t o r e d w i t h extreme caution. Although the 7.57 l i t e r (2 gallons) o i l reduction associated w i t h t h e SOBP f i l t e r d i d not have any dramatic e f f e c t s on engine wear, i t s impact on o i l d r a i n i n t e r v a l s must be determined on an i n d i v i d u a l basis. Since no two operations are a1 i ke, t h e maintenance i n t e r v a l s vary considerably u t i l i z i ng engine o i l s t o various degrees.
TEST RESULTS
A l l f u l l f l o w f i l t e r s i n t h i s t e s t s e r i e s were analyzed i n t h e l a b o r a t o r y f o r presence of s i l i c a and wear metals. A 10.16 cm. by 10.16 cm. sample o f paper was removed from each f u l l f l o w f i l t e r then ashed and analyzed by an atomic absorbtion. combination but not as good as was 1% o f t h e t o t a l paper area. It was assunred expected. t h a t t h e contaminant i n each f i l t e r was Our analysis o f t h e data revealed t h a t uniformly d i s t r i b u t e d throughout t h e paper.
r o d bearins wear was reduced 89% w i t h t h e I n most cases, we saw increased amount of 750 by-pass, 87% w i t h t h e stacked d i s c s i l i c o n and wear metals i n t h e f i l t e r paper SOBP, and 64% w i t h t h e pleated paper SOBP. taken from those t e s t s w i t h higher wear Main bearing wear was reduced 93% w i t h the pates. This corresponds t o t h e f a c t t h a t 750 by-pass, 91% w i t h t h e stacked d i s c the by-pass f i l t e r lowers d i r t content i n SOBP, and 63% w i t h t h e pleated paper SOBP. the o i l , leaving l e s s contaminants t o be Ring wear was reduced 83% w i t h t h e 750 ?moved by t h e f u l l f l o w f i l t e r , r e s u l t i n g by-pass, 73% w i t h t h e stacked d i s c SOBP, i n l e s s engine wear.
and 59% w i t h t h e pleated paper SOBP. One The o i l samples were analyzed by t h e stacked d i s c SOBP t e s t was run w i t h t h e o i l ttomic absorption method. Samples were c a p a c i t y reduced by two gallons and t h e rod ;aken every 50 hours and analyzed f o r wear bearing, main bearing, and p i s t o n r i n g wear netals, s i l i c o n , sodium, and coagulated was 5%, 4%, and 3% higher r e s p e c t i v e l y as ~e n t a n e i n s o l ubles. Uniform d i s t r i b u t i o n compared t o a s i m i l a r t e s t w i t h normal o i l )f contaminants through t h e o i l was capacity.
Figures 7 through 9 compare wear ~ssumed. r a t e using average weight l o s s f o r each The o i l analysis and f i l t e r analysis f i l t e r combination. Table 1 summarizes /ere reported as a percent reduction i n these data as percent wear reduction. lirt content and wear metal. This percentLaboratory f i l t e r analysis showed t h a t tge was computed by comparing t h e r e s u l t s dust trapped i n t h e f u l l f l o w f i l t e r s was Wear metal content i n t h e f u l l f l o w f i l t e r s was 89% lower w i t h t h e 750 by-pass, 79% lower w i t h t h e stacked disc, and 54% lower w i t h t h e pleated paper SOBP. Photographs o f beai-ings taken from t e s t engines a r e shown i n Figures 10 through 13. Table 2 shows d i r t and metal content f o r t h e f u l l f l o w f i l t e r s used i n each t e s t .
O i l a n a l y s i s revealed t h a t a 98% r ed u c t i o n i n s i l i c o n l e v e l s o f samples taken from t h e 750 by-pass t e s t , 87% r e d u c t i o n i n t h e stacked d i s c SOBP t e s t and 76% red u c t i o n i n t h e pleated paper SOBP t e s t . S i m i l a r l y , t h e wear metal l e v e l s were 84% lower f o r t h e 750 by-pass t e s t , 83% lower f o r t h e stacked d i s c SOBP t e s t , and 70% lower f o r t h e pleated paper SOBP t e s t . Table 3 summarizes t h e o i l analysis f o r each t e s t . I n r e v i e w i ng t h e i n f e r i o r performance o f t h e pleated paper SOBP f i l t e r corn b i n a t i o n , we concluded t h a t t h i s was t h e r e s u l t o f denser m a t e r i a l used i n t h e d i s c element, along w i t h t h e combined e f f e c t s o f depth and surface f i 1 t r a t i o n afforded by t h e d i s c design.
The data i n t h i s r e p o r t does not lend i t s e l f r e a d i l y t o s t a t i s t i c a l analysis, because o f t h e l i m i t e d number o f data p o i n t s observed. Our conclusions were based on r e s u l t s o f wear l e v e l s as i t r e l a t e d t o o i l contamination and f i l t r a t i o n . This was v e r i f i e d i n our o i l and f i l t e r analyses from past engine t e s t s and w i t h t h e tremendous amount o f backup bench t e s t data which preceded t h i s wear t e s t study. 1. These costs a r e based on averages and may vary i n different areas. 
